The multi-pulse shoshonitic Predazzo intrusive complex represents an ideal igneous laboratory for investigating the chemical and physical conditions of magma emplacement in a crustal context, since numerical models can be constrained by field evidence. It constitutes the most intriguing remnant of the Middle Triassic magmatic systems of the Dolomitic Area (Southern Alps), preserved by the Alpine tectonics. Predazzo Intrusive Complex comprises silica saturated (pyroxenites/ gabbros to syenites), silica undersaturated (gabbros to syenites), and silica oversaturated (granites and syenogranites) rock suites. In this paper, we modeled its emplacement and evolution with a multiple thermo-/oxy-barometric, hygrometric, and EC-AFC approach. At odds with what proposed in literature but according to the field evidence, the emplacement of the Predazzo Intrusive Complex occurred at shallow depth (< 6 km). In this context, the different pulses differed slightly in bulk water content, but shared a common thermal regime, with temperatures between 1000 and 1100 °C and ~ 600 °C at low-to-moderate oxidizing conditions (− 0.1 to + 0.7 ΔFMQ). The interaction between the intrusion and the shallow crustal rocks was minimal, with Sr and Nd isotopic compositions indicating an average of 5-6% assimilation of crust. A thermoand oxy-barometric comparison with the nearby Mt. Monzoni also enabled to speculate about the solidification time of the intrusion, which we infer took place over about 700 ka.
Introduction
The Middle Triassic magmatic event in the Southern Alps is expressed in volcano-plutonic sequences outcropping from the Brescian Alps, Alto Vicentino, Dolomites, and Carnia areas (Italy) to the Karavanken region (Austria). Most of the igneous products are volcanic and volcanoclastic rocks, with subordinated dyke swarms. Intrusive bodies are instead rare, and mainly located in the Dolomites (Predazzo-Mt. Monzoni-Cima Pape) and Karavanken areas (Gasparotto and Simboli 1991; Gianolla 1992; Bonadiman et al. 1994; Visonà and Zanferrari 2000; Brack et al. 2005; Cassinis et al. 2008; Bellieni et al. 2010; Casetta et al. 2017) . These intrusions represent snapshots of magmatic plumbing systems, emplaced during and/or immediately after the eruption of the overlying volcanic products. There are several outstanding geological problems regarding the nature of these complexes, mainly related to their emplacement conditions, and to the relationships between tectonics and magmatism. The Predazzo Intrusive Complex (PIC) represents the ideal "petrologic laboratory" for investigating and reconstructing the features of the Middle Triassic feeding systems, since it offers the possibility to constrain the theoretical and experimental modeling by means of field evidence.
In the case of the nearby Mt. Monzoni, the contact aureole between PIC and the surrounding sedimentary rocks enabled many authors to speculate about the geometry of the intrusive body and its field relationships to the shallow crust (Princivalle et al. 1999; Ferry et al. 2002; Povoden et al. 2002; Gallien et al. 2007 ). On the basis of petrological and field evidence, Casetta et al. (2017) identified three different magma batches constituting the PIC, interpreted as a multi-pulse body of shoshonitic affinity with variable alkalies and H 2 O-content which led to differentiation from mafic to amphibole and biotite-bearing end-members. However, several issues are still unsolved, such as the (possible) interaction between PIC magmas and crust, and their chemical/physical conditions of emplacement. The latter result in a current uncertainty about the depth of the intrusion.
A few thermobarometric and oxy-barometric data are reported in the literature for the Middle Triassic magmatic systems of the Dolomitic Area. According to Bonadiman et al. (1994) , the oxygen fugacity of the nearby Mt. Monzoni system was around the NNO buffer and the crystallization temperature range was between 1044 and 589 °C. Despite the clear evidence of a predominant role of water during crystallization, as testified by the wide presence of hydrous phases in the intrusive rocks, no estimates of the H 2 O contents and P-T conditions of these Middle Triassic plumbing systems have been performed so far. Taking into account the Al tot content of amphiboles, Menegazzo Vitturi et al. (1995) hypothesized a depth of 10-17 km for PIC emplacement, but their values appeared in stark contrast with both the field evidence and the data reported by Visonà and Zanferrari (2000) for the similar and coheval Karawanken pluton (5-9 km). Therefore, in this paper, we made new geochemical and isotopic ( 87 Sr/ 86 Nd/ 144 Nd) measurements on new samples from PIC that are representative of its main portions. A multiple thermobarometric and hygrometric approach, based on the interaction between distinct single mineral, mineral pairs, and mineral-melt equations, corroborated by appropriate simulations by means of the Rhyolite-MELTS software (Gualda et al. 2012) , enabled us to: (i) provide for the first time P-T-fO 2 estimates and H 2 O evaluation of PIC system over its entire evolution; (ii) verify if the depth of the intrusion obtained by the previous petrologic approaches well fits the field evidence. The resulting P-T-fO 2 and H 2 O values together with the isotopic signatures of PIC rocks were then used as input to (iii) quantify the role of assimilation and fractional crystallization processes in the generation of the main PIC magmatic suites.
Middle Triassic Magmatism in the Southern Alps

Geodynamic framework
The Middle Triassic magmatic sequences of the Dolomitic Area are mainly composed of volcanites and volcanoclastites with subordinated and scattered intrusive bodies over an area of about 2000 km 2 (Vardabasso 1929 (Vardabasso , 1930 Castellarin et al. 1980 Castellarin et al. , 1982 Lucchini et al. 1982; Sloman 1989; Bonadiman et al. 1994; Coltorti et al. 1996; Gianolla et al. 2010; Casetta et al. 2017) . The Middle Triassic geodynamic framework of Dolomitic Area and the whole Southern Alps domain is still matter of debate, fostered by juxtaposition between the calcalkaline/shoshonitic orogenic affinity of the magmatic products and evidence for a concomitant extensional-transtensional tectonic regime (Doglioni 1987 (Doglioni , 2007 Borel 2002, 2004) . Several geodynamic models were thus proposed, invoking the presence of: (i) an aborted rift in a passive margin (Bernoulli and Lemoine 1980) ; (ii) a compression at the NW limb of the Paleo-Tethys (Castellarin et al. 1980) ; (iii) an "active" mantle upwelling (Stahle et al. 2001) ; (iv) a transition to back-arc conditions lasting since Carboniferous-Permian, triggered by the northward subduction of the Paleotethys remnants (Ziegler and Stampfli 2001; Borel 2002, 2004; Cassinis et al. 2008; Schmid et al. 2008; Zanetti et al. 2013) ; (v) an anorogenic rifting concomitant with arc-like magmatism, whose signature was inherited by a mantle source previously metasomatised by subduction-related components during the Hercynian orogenic cycle (Bonadiman et al. 1994 ). This last hypothesis was supported by the similar Sr-Nd isotope signatures of the Middle Triassic magmas in the Southern Alps and the Permian igneous products (260-290 Ma), whose expression was found along the Western and in the Eastern Alps sectors (Barth et al. 1993; Rottura et al. 1998; Monjoie et al. 2007; Schaltegger and Brack 2007; Marocchi et al. 2008; Quick et al. 2009; Willcock et al. 2015; Dal Piaz et al. 2015; Sinigoi et al. 2016; Manzotti et al. 2017 ). This kind of analogy led to speculate that similar mantle sources, and/or similar melting conditions, could have generated the Middle Triassic and the Permian magmatic episodes. In the Dolomitic Area, thick sequences of basaltic andesitic-to-rhyolitic ignimbrites associated with the Permian Atesina Volcanic District are also the main constituent of the crustal basement of the Dolomitic Area where magmas intruded during Middle Triassic.
The Southern Alps intrusive bodies: geochemical and petrographic overview
In contrast to the large amount of basaltic/latitic volcanic rocks erupted in the Southern Alps during the Ladinian-Carnian, the intrusive bodies are more limited in volume. They are Cima Pape (< 3 km 2 ), Mt. Monzoni (4.6 km 2 ), Predazzo Intrusive Complex (25 km 2 , see below) in the Dolomitic Area (Italy), and Karawanken (about 50 km 2 ) in Carinthia (Austria).
The Cima Pape sill and the ca. 230 Ma Mt. Monzoni body (Borsi and Ferrara 1968) are composed of biotite and amphibole-bearing gabbroic to syenitic rocks with shoshonitic affinity, generated mainly by fractional crystallization from parental basaltic-to-trachybasaltic magmas (Gasparotto and Simboli 1991; Bonadiman et al. 1994; Della Lucia 1997) . The emplacement of Mt. Monzoni body is thought to be controlled by a syn-genetic ESE-WNW trascurrent tectonics, which created the conditions for a shallow-level intrusion and the subsequent magma differentiation. A shallow depth is also suggested for the Cima Pape sill, where a gradual textural transition to the overlying lavas, locally organized in columnar structures (Sarti and Ardizzoni 1984) , is observable on field.
The Karawanken pluton (ca. 230 Ma, Lippolt and Pidgeon 1974) comprises biotite and amphibole-bearing diorites/monzonites to granites/syenites, with rare aplites and pegmatites, showing an overall high-K calc-alkaline to shoshonitic affinity. To explain the production of Karawanken magmas, Visonà and Zanferrari (2000) invoked the occurrence of combined assimilation + fractional crystallization processes from a parental basaltic melt in a shallow magma chamber (5-9 km). The geochemical differences (i.e., La/Nb and Ba/Nb ratios) between the Karawanken pluton and the intrusions of the Dolomitic Area led the authors to suggest the origin of Karawanken magmas from an enriched mantle source not previously affected by subductive components, as proposed by Bonadiman et al. (1994) for the Mt. Monzoni body.
Irrespective of the volumetric differences, common features of these intrusions are the high-K calc-alkaline to shoshonitic affinity, the modal occurrence of hydrated phases (biotite and amphibole) in the intercumulus assemblages, and the shallow depth of emplacement.
The Predazzo intrusive complex
The Predazzo intrusive complex (PIC, Fig. 1 ) is a ring-like shaped multi-pulse intrusion with an overall volume of about 4.5 km 3 cropping out in Trentino Alto Adige (NE Italy). Dated at 237.3 ± 1.0 Ma (U/Pb on zircon from granites, Mundil et al. 1996) , it intruded the Permian Atesina Volcanic District rhyolitic ignimbrites, the Permo-Triassic sedimentary formations, and the overlying volcanic sequences (Brack et al. , 1997 (Brack et al. , 2005 Mietto et al. 2012) , forming well-defined metamorphic aureoles (Princivalle et al. 1999; Ferry et al. 2002; Povoden et al. 2002; Gallien et al. 2007 ). The intrusion and its related volcanic products were almost completely preserved from the action of the Alpine tectonic event, and kept in their original position with respect to the surrounding rocks. According to Casetta et al. (2017) , PIC rocks are grouped in three main units with different geochemical features (Fig. 1) , named (in relative order of emplacement) Shoshonitic Silica Saturated (SS, 3.1 km 3 ), Granitic Unit (GU, 1.1 km 3 ), and Shoshonitic Silica Undersaturated (SU, 0.3 km 3 ). The SS and SU suites are composed On the left bottom corner, the study area location with respect to the NE sector of Italy is shown of pyroxenites/gabbros to syenites (Fig. 2) , respectively, quartz-and nepheline-bearing, formed as a result of fractional crystallization (FC) processes in an almost closed system from two distinct starting monzogabbroic-like magmas (Petersen et al. 1980; Visonà 1997; Marrocchino et al. 2002; Casetta et al. 2017) . The Granitic Unit is, instead, constituted by quartz and biotite-bearing granites/syenogranites (Fig. 2) , and apparently seems to represent a different magma batch and/or the result of genetic processes independent from those that generated the SS and SU rocks (Menegazzo Vitturi et al. 1995; Visonà 1997; Casetta et al. 2017) . However, the lack of isotopic studies made it impossible to definitively exclude, for the three magma, bodies a significant involvement of assimilated crustal rocks.
On the other side, the field relationships between the intrusive units, their related dykes, and the host rocks suggest a shallow origin of this multi-pulse intrusion, as also testified by the presence of hypabyssal rocks at the 100-m-scale transition between the plutonic and the volcanic sequences (Casetta et al. 2017) . Nevertheless, the only thermobarometric studies present in the literature, based on the Al tot content of amphiboles (Menegazzo Vitturi et al. 1995) , proposed a 10-17 km depth for the PIC, giving rise to some uncertainty about its emplacement and crystallization conditions due to the discrepancy between the barometric-and field-based estimates.
Analytical methods
Whole-rock major and trace element analyses were carried out at the Department of Physics and Earth Sciences (University of Ferrara, Italy) using ARL Advant-XP automated X-ray fluorescence spectrometer. Full matrix correction procedure and intensities were elaborated following Traill and Lachance (1966) . Accuracy and precision are better than 2-5% for major elements and 5-10% for trace elements. The detection limits are 0.01 wt% and 1-3 ppm for most of the major and trace element concentrations, respectively.
Rb, Sr, Y, Zr, Nb, Hf, Ta, Th, U, and rare-earth elements (REE) were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) using a Thermo Series X spectrometer with precision and accuracy better than 10% for all elements, well above the detection limit.
Mineral phase major element compositions were analyzed at the Department of Lithospheric Research, University of Wien (Austria), using a CAMECA SX100 electron microprobe equipped with four WD and one ED spectrometers. The operating conditions were as follows: 15 kV accelerating voltage, 20 nA beam current, and 20 s counting time on peak position. Natural and synthetic standards were used for calibration, and PAP corrections were applied to the intensity data (Pouchou and Pichoir 1991) .
Whole-rock 87 All SS, SU, and GU rocks have K-affinity ( Fig. 2) , and their K 2 O and SiO 2 contents led to classify them as belonging to shoshonitic (SS and SU) and High-K calcalkaline (GU) series.
Despite the general similarities, the major and trace element distribution in the SS, SU, and GU rocks made it possible to pinpoint their origin from independent magmatic batches. At comparable differentiation degrees, main discriminating features between the SS and SU rocks are the relative enrichment in HFSE (Th, U, Pb), LREE, and the higher Na 2 O/K 2 O ratio of the latters. Such differences are in accordance with the predominant presence of amphibole and other Na and REE-rich phases in the SU rocks (Casetta et al. 2017 
Crystallization sequences and mineral chemistry
To better focus on the P-T-fO 2 conditions and on the H 2 O contents of the PIC system, some remarks on the mineral phase compositions and crystallization sequences of the various units are hereafter summarized. A more detailed description of the petrographic and mineral chemistry features of these rocks was reported by Casetta et al. (2017) . The new mineral phase analyses are reported in the Supplementary Material_2.
Shoshonitic Silica Saturated rocks are dominated by the presence of clinopyroxene and plagioclase as cumulus phases; minor olivine and orthopyroxene can be found in gabbros and monzogabbros. The intercumulus assemblage is characterized by the ubiquitous presence of plagioclase and biotite, followed by the appearance of amphibole in gabbros to monzodiorites (Fig. 3) . Magnetite and Ti-magnetite are often reported in association with biotite, whereas K-feldspar and accessory phases (quartz, apatite, ilmenite, sphene, and zircon) modally increase in more evolved rocks. The main alteration features of the SS rocks consist of sericite formation at the expenses of feldspars, chlorite growth over clinopyroxene, amphibole, and biotite, as well as epidote formation at the expenses of clinopyroxene and plagioclase. The following crystallization sequence can be deduced for SS rocks: olivine → clinopyroxene (± orthopyroxene) → Timagnetite/magnetite → plagioclase → biotite → amphibole → K-feldspar → quartz (± accessories).
The crystallization sequence of the SU magmatic suite mirrors its silica undersaturation and higher Na 2 O content. Orthopyroxene and quartz are in fact absent, and an earlier appearance of amphibole at the expenses of biotite characterizes the intercumulus assemblage of the SU rocks (Fig. 3) . Other Na-rich minerals like ferrosalitic clinopyroxene, abiotic plagioclase, and nepheline (Visonà 1997) are variably present. Accessory phases are ugrandite group garnets, epidote, apatite, and titanite. As already highlighted by Visonà (1997) , many portions of the SU body are hydrothermalized, showing the formation of kaoline, sericite and scapolite. Where this secondary assemblage does not occur, the primary differences between the SU and SS magmatic suites are evident. The likely crystallization sequence of the SU rocks is: olivine → clinopyroxene → Ti-magnetite/magnetite → plagioclase → amphibole → biotite → K-feldspar → nepheline (± accessories). Syenogranites and granites of the GU are quite homogeneous in composition, being constituted by K-feldspar, plagioclase, and quartz, locally associated with several other minerals, among which Fe-rich biotite is the most common. Accessory phases are tourmaline, fluorite, sphene, magnetite, apatite, ilmenite, and zircon. Muscovite and chlorite are rare and always grow at the expenses of biotite and amphibole in the late hydrothermal stages, whereas the sericitization of feldspars is pervasive. Less common phases are ematite, allanite, scheelite, xenotime, gummite, thorite, uranium micas, molybdenite, and other sulphides, irregularly disseminated and generated in the later pneumatolytic and hydrothermal stages (Marzocchi 1987; Visonà 1997) . The main GU paragenesis is composed of: K-feldspar + plagioclase + quartz + fluorite + biotite (chlorite and/ or muscovite) ± amphibole + accessories.
In the less altered samples, at comparable whole-rock differentiation degree, the composition of the most representative minerals clearly discriminates between the SS and SU magmatic suites. For instance, biotites and amphiboles are Al-and Na-enriched in the SU rocks with respect to the SS ones. Amphibole in fact varies from the hornblendic and actinolitic composition in the SS rocks (Na 2 O < 1.5 wt%; Al 2 O 3 < 8 wt%) to the hastingsitic/pargasitic composition (rare actinolitic hornblende, Leake et al. 1997) in the SU ones (Na 2 O up to ~ 2.5 wt%; Al 2 O 3 up to ~ 18 wt%). Even the Na content of plagioclase differs between the two magmatic suites: it ranges from An 84 to An 34 in SS samples, and from An 50 to An < 23 in SU rocks. Another discriminating feature is represented by the clinopyroxene composition, augitic/ salitic (En ) in the SS, and salitic/ferrosalitic (En 37-24 ) in the SU rocks (Morimoto 1988) . Furthermore, the manganese content of several phases is quite higher in the SU rocks: Ti-magnetite (0.2-1.9 wt% SU; 0.1-0.4 wt% SS), biotite (0.1-0.7 wt% SU; 0-0.4 wt% SS), amphibole (~ 0.7 wt% SU; ~0.5 wt% SS), and clinopyroxene (0.5-1.5 wt% SU; 0.2-0.8 wt% SS).
P, T, and H 2 O estimates: thermobarometric evolution of the intrusion
Recover the initial equilibrium conditions
In this section, we apply several methods for estimating the P, T, and H 2 O contents of PIC rocks, taking into account the coexistence of minerals used as thermometers, barometers, and/or hygrometers in both the SS and SU crystallization sequences. Apart from the Holland and Blundy (1994) , Anderson and Smith (1995) , Anderson (1996) , and Henry et al. (2005) methods (see below) applied to amphibole-plagioclase pairs and biotite, and specific for intrusive rocks, the other equations used in this study are designed for volcanic samples. As often happens in intrusive contexts, the identification of the parental "melt" from which crystals formed is challenging (e.g. Skaergaard Intrusion; Nielsen 2004; Namur and Humphreys 2018). Intrusive rocks, in fact, rarely correspond to bulk melt composition, representing a variable mixture of cumulus and intercumulus minerals, removed by the crystallizing melts at various stages of fractionation, thus in equilibrium with different melts in different moments. Casetta et al. (2017) suggested that the cumulitic gabbros and pyroxenites, as well as most of the intermediately evolved rocks of the complex, were generated by various extents of fractional crystallization from a starting trachybasaltic magma in an almost closed system.
It is modeled that the mineral assemblages constitutiing the PIC rocks (e.g., clinopyroxenes of SS gabbro) showed partial equilibrium with a more evolved melt (e.g., SS trachybasalt), from which then segregated to form the cumulates. The cumulitic nature of a rock itself incorporates the concept that its composition (e.g., Mg# of clinopyroxene) represents an independent physico-chemical system with respect to the deriving melt. Consequently, if we try to consider the intrusive (cumulitic) rock of PIC as a bulk representative of a melt (e.g., in terms of Mg# or CaO/Al 2 O 3 ), it is reasonable to find that its mineral constituents (e.g., clinopyroxene or plagioclase), are in evident disequilibrium with the bulk composition (Figs. 4 and 5). They are instead compositionally coherent with a segregation process from a more evolved melt. On the other side, by taking into account more evolved rocks (e.g., monzogabbros to syenites), the amount of crystal disequilibrium progressively decreases (Figs. 4 and 5) . This was because the ultimate products of the SS/SU fractional crystallization processes, syenitic in composition, progressively approach the eutectic of the system and likely resemble a melt composition: this condition has been also proposed by Morse and Brady (2017) for the syenites of the 1300 Ma old Kiglapait Intrusion (Labrador).
Evidences of the reliability of this genetic model are the observed textural and mineral homogeneities of the SS/SU rocks: any kind of significant zoned texture would result from the introduction of additional magma chamber processes (i.e., mixing) during the formation of the PIC lithotypes, invalidating our assumptions. The unzoned texture, coupled with the crystal size of PIC rocks (e.g., clinopyroxenes up to 6-7 mm in pyroxenites and gabbros) and with the small volume of the intrusive body (4.5 km 3 ), speaks also against a considerable effect of syn-to postcrystallization diffusion processes, which can be a ratelimiting process for thermobarometric estimates. On the other side, thermometers involving clinopyroxene in upper crustal context, commencing cooling from relatively low T, hold the potential to record the peak temperature conditions, especially in large-sized grains (Müller et al. 2013 Brady and McCallister 1983; Dimanov et al. 1996; Cherniak and Liang 2012; Müller et al. 2013 and references therein), we can argue that the crystal compositions were nearly unmodified by significant diffusion processes. Similar remarks can be made for plagioclase, whose crystallization in plutonic rocks at relatively low T limits the efficiency of CaAl-NaSi diffusion to submicron length scales (Grove et al. 1984) . The mineral compositions were, therefore, considered as representative of the various stages of fractional crystallization of the magmas inside PIC, and were used to constrain the physical parameters of the magma chamber.
On the basis of these assumptions, we matched each mineral (e.g., clinopyroxene of SS cumulates) with an estimated "melt" following the crystal/melt equilibrium partitioning (e.g.
Cpx−Liq Kd Fe−Mg , see below), to trace the P-T path of an hypothetical differentiation trend (e.g., SS suite, see Casetta et al. 2017 ). This operation enabled us to compute the "melt" composition, to skip the apparent disequilibrium between minerals and cumulitic rocks as a bulk and thus to constrain the P, T, and H 2 O parameters of the less evolved melts in the PIC-feeding system. Afterwards, the application of the "traditional" thermobarometric equations for intrusive contexts (i.e., to amphibole-plagioclase pairs and biotite, see below) enabled us to verify the convergence between the various results as well as to unravel the T-P-H 2 O conditions in the later stages of crystallization. A complete list of the applied equations, results, and corresponding errors is reported in Table 4 and discussed in detail in the following sections.
Clinopyroxene-melt thermobarometer and water content of primary magmas
Clinopyroxene is the dominant and ubiquitous phase in the SS and SU rocks, and thus, clinopyroxene-melt thermobarometry was considered as a valuable starting point to estimate the T-P intensive variables and H 2 O content of PIC magmatic system since the early stage of fractionation. Crystal-melt equilibrium conditions were tested by taking into account the experimentally determine range of Nd isotopes of Shoshonitic Silica Saturated (SS), Shoshonitic Silica Undersaturated (SU), and Granitic Unit (GU) rocks Samples were corrected for 234 Ma (Laurenzi and Visonà 1996; Mundil et al. 1996) of radiogenic ingrowth using the trace element abundances determined by ICP-MS, the decay rates of Rotenberg et al. (2012) and Lugmair and Marti (1978) . The initial ratios (i) and uncertainties (2σ) were propagated according to Ickert (2013) (2003) . First tests highlighted that all clinopyroxene crystals in the SS and SU units have Cpx−Liq Kd Fe−Mg = 0.36-0.68 (hereinafter, the superscript "Liq" indicates the composition of the bulk rock), indicating a disequilibrium towards composition more evolved than their host rock (Fig. 4) . The amount of disequilibrium, as said before, decreases with increasing the differentiation degree of the rock (Fig. 4) . Such a decrease could be explained by the fact that more evolved lithotypes better approach the eutectic of the system and more likely simulate melt compositions.
Following the FC model of Casetta et al. (2017) , clinopyroxenes of each lithotype were thus related to a calculated "melt" composition having the same chemical affinity of their host rock and a more evolved nature (Table 3) , by which crystals retrieved their equilibrium conditions. As shown in the flowchart of Fig. 6a , once chosen the clinopyroxene-melt couple of the SS suite, T-P pairs were extrapolated by means of the Putirka (2008) equations, assuming variable H 2 O wt% contents of the melt. The water-dependent equations 32b and 33 (Putirka 2008) , derived from the P-independent thermometer and the T-dependent barometer of Putirka et al. (1996) , were first applied to constrain the crystallization conditions of clinopyroxene from the melt, obtaining several T-P-H 2 O triplets. Since these triplets are strongly dependant on the chosen melt and on the inferred H 2 O content, they were checked, together with the melt composition, by means of the Rhyolite-MELTS calibration (Gualda et al. 2012) . Iterated procedures (Fig. 6a) were developed until a clinopyroxene composition analogous to the starting one was reproduced by Rhyolite-MELTS. In this way, the two independent approaches reinforce one to another, giving a more robust framework for the thermobarometric and water results. Since the only left starting parameter required by Rhyolite-MELTS was oxygen fugacity, we chose fO 2 = NNO as proposed by Bonadiman et al. (1994) for the Mt. Monzoni intrusion.
However, by increasing the differentiation degree of SS rocks, and/or considering the more alkaline SU magmas, the reliability of Rhyolite-MELTS decreases, as a function of the alkali-enrichment of the system and the related crystallization of amphibole and biotite, for whom thermodynamic parameters are not well constrained (Gualda et al. 2012) . Therefore, the use of Masotta et al. (2013) thermobarometer was preferred for the SU suite and for the more evolved SS rocks, and was cross-checked with Putirka (2008) (Fig. 6b) . As for SS rocks, once assessed the equilibrium between clinopyroxene and melt, T-P pairs at variable H 2 O contents of the melt were extrapolated by means of the Putirka (2008) method. The resulting T-P-H 2 O triplets were then inputted in Masotta et al. (2013) equation until the resulting T and P were comparable to those obtained by Putirka (2008) method at similar water contents.
Some issues for handling this combination of modeling tools should be remarked: (i) since Rhyolite-MELTS is not suitable for amphibole and biotite-dominated rocks, it was only used to simulate the composition of clinopyroxene in equilibrium with the least evolved SS magmas, at the P, T, and H 2 O conditions determined by the previous calculations; (ii) the alkaline nature of PIC (especially SU) differentiated rocks implies that clinopyroxene-melt behavior during crystallization and cooling depends not only on Fe and Mg, but also on Ca, Na, and Al, so Masotta et al. (2013) equations became progressively more reliable; (iii) iterated and cross-checked calculations using Putirka (2008) , Rhyolite-MELTS, and Masotta et al. (2013) methods (Fig. 6a, b) were proposed to unravel P-T-H 2 O crystallization conditions avoiding circular relationships between the equations.
The errors proposed for the thermobarometers, oxybarometers, and hygrometers are reported in Table 4 : while temperatures could be defined within a narrow error range (± 10 to ± 20 °C) with both Putirka (2008) and Masotta et al. (2013) equations, the P estimates were affected by high uncertainties, varying from ± 1.2 (Masotta et al. 2013) to ± 2.6 kbar (Putirka et al. 2008) . 
Clinopyroxene crystallization conditions of Shoshonitic Silica Saturated rocks
The most magnesian clinopyroxene in SS rocks were found within pyroxenites (Mg# Cpx 76-78), whereas the less magnesian compositions (Mg# Cpx 63-71) were in the monzodiorites and monzonites. The early T-P-H 2 O crystallization conditions were likely represented by the former, which attained equilibrium with a trachybasaltic melt (Mg# 51; Fig. 4a ; Table 3 ), further confirming the first FC step identified by Casetta et al. (2017) . Clinopyroxene-melt thermobarometers indicated a P-T range of 1.6-2.3 kbar and 1070-1050 °C, for water contents of 2.0-2.5 wt% ( Table 4 ). The best-fitting data in by Rhyolite-MELTS simulations were obtained at pressure of 1.5 kbar, and temperature of 1060 °C and 2.5 H 2 O wt%. Consequently, 2.0-2.5 H 2 O wt% could be assumed as the water contents of the first SS magmas intruding the PIC. Clinopyroxenes in the cumulitic gabbros were slightly less homogeneous and less magnesian (Mg# Cpx 69-71 cores; 65-66 rims), and resulted in equilibrium with melts varying in Mg# from 43 to 40 (cores) to about Mg# 36 (rims), as shown in Fig. 4a and Table 3 . Pressure-temperature paths indicated that cores attained equilibrium in a P range of 0.5-1.9 kbar and T of 910-980 °C, while rims formed at 0.3-1.2 kbar and 900-920 °C, considering H 2 O contents of 3.0-4.0 wt%. Clinopyroxenes in monzogabbros and monzodiorites were nearly unzoned although compositionally comparable to those in gabbros, showing Mg# Cpx of 68-72. As, for gabbroic rocks, equilibrium was reached with intermediately evolved magmas (Mg# 40, Fig. 4a ; Table 3 ), by which thermobarometric equations indicated a T range of 940-990 °C at P of 1.4-1.6 kbar, for a H 2 O contents in the melt of 3.0-4.0 wt%. All results are reported in Table 4 and Fig. 7a .
Clinopyroxene crystallization conditions of Shoshonitic Silica Undersaturated rocks
Clinopyroxenes from the SU suite are more alkaline than those of the SS rocks, ranging from salitic-aegirinaugitic to ferrosalitic compositions. The most magnesian compositions in gabbros and monzogabbros (Mg# Cpx 67-63) were in equilibrium with Mg# 36 melts ( Fig. 4b ; Table 3 ). Pressure-temperature paths indicate a P range of 0.2-1.6 kbar and T of 920-940 °C at water contents of about 1.0-1.5 wt%. Clinopyroxenes in syenites (Mg# Cpx 60-48) show composition close to the equilibrium with the whole rock ( Fig. 4b; Table 3 ), which represent a theoretical slightly evolved trachytic melt. Thermobarometers yielded a P of 0.2-1.6 kbar at T of 810-860 °C at water contents between 4.0 and 5.0 wt%. Results are reported in Table 4 and shown in Fig. 7a .
Amphibole and amphibole-plagioclase thermobarometer and hygrometer
Pressure, temperature, and H 2 O conditions for amphibole crystallization were estimated using amphibole-plagioclase Al-exchange thermobarometers (Holland and Blundy 1994; Anderson and Smith 1995; Anderson 1996 ) and a singleamphibole thermobarometers (Ridolfi et al. 2010; Ridolfi and Renzulli 2012) . Amphibole-plagioclase equations were used for mineral pairs in both SS and SU suites, whereas the single-amphibole thermobarometers were applied to all amphibole compositions in the SS rocks, but only for amphibole in gabbros in the SU suite. This was because of the higher alkali content of SU differentiated magmas, well above the compositional ranges admitted for the calibration of the empirical geothermometers of Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) . For the SS and SU amphiboles, the single-amphibole equations enabled also the calculation of the water content of the melt from which they crystallized. Contrary to the clinopyroxene-melt equations, the error range for the barometric estimates based on amphibole-plagioclase and single amphibole was lower, ranging between ± 0.03 and ± 0.6 kbar, whereas errors on T estimates were slightly higher (± 23 to ± 40 °C, Table 4 ).
Amphibole crystallization conditions of Shoshonitic Silica Saturated and Shoshonitic Silica Undersaturated rocks
Pressure-temperature paths obtained from amphibole-plagioclase thermobarometers yielded a T-P range of 750-845 °C and 0.1-1.2 kbar in SS gabbros to monzodiorites ( Fig. 7a ; Table 4 ). Single-amphibole calculations for the same lithotypes confirmed these values, indicating that P = 0.7-1.4 kbar and T = 720-810 °C. The estimated H 2 O contents of melts in equilibrium with amphiboles of SS gabbros to monzodiorites was between 4.8 and 6.0 wt% ( Fig. 7b ; Table 4 ). Amphibole-plagioclase estimates for the SU suite yielded similar P intervals (0.4-1.0 kbar) but at lower T (620-660 °C) for gabbros, and P-T ranges of 1.6-1.9 kbar and 870-880 °C taking into account the mineral pairs in the monzogabbroic rocks ( Fig. 7a; Table 4 ). The single-amphibole method, applied only to the actinolitic hornblendes in SU gabbros, provided comparable pressures (0.5-0.6 kbar) and temperatures (700-720 °C) with respect to the SS rocks ( Fig. 7a ; Table 4 ). The calculated water contents of the melts were similar to those obtained for the SS suite (5.1-5.7 wt%, Fig. 7b ; Table 4 ).
As expected, the water contents calculated by these models were higher than those obtained from the clinopyroxene-melt calculations. Amphibole crystallization, in fact, occurred later than clinopyroxene, and thus, the melt from which amphibole precipitated should have undergone differentiation in some extent, and its water content should have increased. If we consider the water enrichment linked to the fractional crystallization of the SS/SU magmas, together with the concomitant precipitation of volatile-bearing phases, the H 2 O contents resulted from the single-amphibole equations appear in line with the calculations proposed by the FC model of Casetta et al. (2017) .
Biotite thermometer
Biotite is a ubiquitous phase occurring in the late intercumulus mineral assemblages of almost all SS, SU, and GU rocks. Its presence enabled us to provide some estimates on the temperatures of these assemblages, using of the empirical single-mineral thermometer of Henry et al. (2005) , based on the Ti content of biotite.
Biotite crystallization conditions of Shoshonitic Silica Saturated, Shoshonitic Silica Undersaturated, and Granitic Unit rocks
Temperature of biotite crystallization in SS pyroxenitic cumulates resulted between 690 and 740 °C, whereas a T interval of 600-660 °C was considered representative of SS gabbros to monzodiorites. Biotites from more differentiated SS monzonites yielded a T of about 540-580 °C ( Fig. 7a ; Table 4 ). Biotite in SU gabbros and monzogabbros indicated comparable temperatures, ranging between 640 and 660 °C ( Fig. 7a ; Table 4 ).
The thermometer was also applied to GU syenogranites, resulting in a T range of 420-570 °C: the biotites in GU rocks are, however, iron-rich, with Mg/(Mg + Fe tot ) < 0.275, just out of the compositional field for which the thermometer was calibrated. Consequently, the resulting temperatures were not used for further modeling purposes.
Plagioclase-melt thermobarometer and hygrometer
Plagioclase appears in almost all PIC rocks, from the cumulitic pyroxenites, where it is part of the intercumulus assemblages, to the syenitic rocks, where, together with K-feldspar, dominates the paragenesis. Its ubiquitous presence made it an additional tool for investigating the T and H 2 O contents of PIC magmas along the entire SS and SU differentiation trends by means of Putirka (2008) and Lange et al. (2009) equations. Plagioclase from GU granites and syenogranites are compositionally close to the pure albitic end-member, probably because of hydrothermal/alteration processes. This made them unsuitable for the hygrometer application, being its calibration limited to An 37 plagioclase (Lange et al. 2009 ).
As for clinopyroxene, plagioclase equilibrium with its host rock was constrained by means of the experimentally determined values of Pl−Liq Kd An−Ab = 0.10 ± 0.05 at T < 1050 °C and 0.27 ± 0.11 at T ≥ 1050 °C (Putirka 2008) . However, Mollo et al. (2011) demonstrated that Plag−Liq Kd An−Ab is highly sensitive to the cooling rate of the melts, being thus variable between 0.2 ± 0.02 (cooling rate of 0.5°C/min) and 0.35 ± 0.03 (cooling rate of 15°C/min). Thus, all plagioclase-melt equilibria (even at T < 1050 °C) were considered following a Plag−Liq Kd An−Ab in the range of 0.27 ± 0.11 (Putirka 2008) , whose interval is also in accordance with the results obtained by Mollo et al. (2011) . Cooling rate is, in fact, an essential factor for the crystallization dynamics of intrusive bodies, as testified by the plagioclase morphological variations in PIC rocks, where it appears as both cumulus and intercumulus phase throughout the entire SS/SU fractionation trends. According to crystallization sequences, plagioclase appeared after clinopyroxene and Fe-Ti oxides, just before or even contemporary to biotite and amphibole in the intercumulus assemblages. Consequently, we considered the thermobarometric values obtained by clinopyroxene, amphibole, and biotite calculations for each magmatic suite (see above) to identify the P-T-H 2 O interval in which plagioclase crystallized from the melt. As for clinopyroxene, plagioclase often appeared in disequilibrium with its whole-rock composition (Fig. 5) , and the amount of disequilibrium gradually decreases with increasing the differentiation degree of the corresponding whole rock. Plagioclase in monzodiorites were, in fact, closer to the equilibrium with respect to those of pyroxenites and gabbros, whereas most of the plagioclase from monzonites and syenites were in equilibrium with their host rock (Fig. 5) . As previously mentioned for clinopyroxene, such a trend could be justified by considering that the more evolved rocks likely resemble melt compositions, being close to the eutectic of the system. Thus, plagioclase compositions were related to estimated melt compositions, according to the differentiation trends proposed by Casetta et al. (2017) , to retrieve the equilibrium conditions. Once equilibrated, plagioclase and melt compositions were used as input for the Lange et al. (2009) hygrometer to calculate the amount of H 2 O dissolved in the melt (see flowchart of Fig. 6 ). For each sample, input T and P required in Lange et al. (2009) equation were chosen in the T-P interval between those estimated by clinopyroxene-melt calculations and those resulted from amphibole and biotite. Pressure, temperature, and H 2 O were calculated by iterating Lange et al. (2009) method and Eq. 24a of Putirka (2008) until a matching T was found. In any case, small variations of P scarcely affect the results of the hygrometers: ± 1 kbar corresponds to ± 0.1 wt% H 2 O calculated in the melt (Giacomoni et al. 2014) . Since the P interval obtained by the previous (clinopyroxene and amphibole) barometers was roughly between 0.2 and 1.9 kbar for all PIC rocks, the H 2 O estimates were almost entirely constrained by temperature changes. As a consequence, the match between T obtained with Lange et al. (2009) and Eq. 24a of Putirka (2008) was considered a reliable cross-check and a robust constraint on our geothermal modeling (Fig. 6) .
Plagioclase crystallization conditions of Shoshonitic Silica Saturated rocks
Data from clinopyroxene-melt simulations on pyroxenites indicated that SS primary magmas began crystallizing at about 1.5 kbar, 1060 °C, and 2.5 H 2 O wt%. The more anorthitic plagioclase ) was analyzed in the pyroxenites intercumulus assemblage, following clinopyroxene and preceding biotite, and thus, the T range of plagioclase crystallization is constrained by the temperatures of crystallization of these two phases. Since pressure does not sensitively affect the calculations, a pressure of 1.5 kbar was used according to the results from clinopyroxene-melt calculations (Figs. 6,  7) . Results indicated that the most anorthitic plagioclase (An ) crystallized in equilibrium with a trachybasaltic melt (Mg# 51; Fig. 5 ; Table 3 ): at P = 1.5 kbar, T of crystallization resulted of 1060-1081 °C for a H 2 O content of 3.0 wt%.
Plagioclase in SS gabbros was in compositional continuity with those of pyroxenites, varying between An 73 and An 51 in both the cumulus and intercumulus assemblages. As, for plagioclase inside pyroxenites, the marked disequilibrium (Fig. 5) was probably related to the cumulitic nature of gabbros and/or a variable cooling rate of the magma. The crystallization sequence and the comparison with the T ranges obtained from clinopyroxene, amphibole, and biotite suggested that plagioclase crystallized in a temperature interval of 980 to 740 °C. Plagioclase with An 73 reached the equilibrium with a Mg# 49 melt (Fig. 5): at P of 1.5 kbar, and T and H 2 O content resulted of 1016-1053 °C and 3.1 wt%, respectively. An 63-51 plagioclases were equilibrated with a basaltic trachyandesitic melt ( Fig. 5; Table 3 ), yielding T of 920-1021 °C and a water content of 3.2-3.4 wt% at pressures of 1.2-1.5 kbar ( Fig. 7; Table 4 ). It is worth noting that, for these temperatures, Putirka (2008) proposed a potential partitioning Plag−Liq Kd An−Ab = 0.05-0.15 to attest 
Plag−Liq
Kd An−Ab of plagioclase from the a Shoshonitic Silica Saturated and b Shoshonitic Silica Undersaturated rocks. As in Fig. 4 , white symbols represent the disequilibrium between crystals and their host rock composition (whose Mg# is reported as "wr Mg#"), whereas filled symbols represent the attained equilibrium conditions after the equilibration processes. "Liq" indicates both the composition of the crystals host rocks (white symbols, prior to equilibration process) and that of the calculated "melt" (filled symbols, after equilibration process). The length of the dashed arrows is directly functioning of the amount of disequilibrium between the crystals and their host rock. The chosen equilibrium range of Plag−Liq Kd An−Ab = 0.27 ± 0.11 (black lines) is from Putirka (2008) equilibrium. However, after several iterations, the modeled P-T-H 2 O terns for PIC magmas were attained only within a Plag−Liq Kd An−Ab of 0.27 ± 0.11. Such apparent discrepancies could be explained considering the dependency of An-Ab equilibrium coefficient with the cooling rate (Mollo et al. 2011) .
Plagioclase from monzogabbros to monzonites were in a compositional range from An 53 to An 34 , resulting in equilibrium with basaltic trachyandesitic-to-trachyandesitic melts ( Fig. 5; Table 3 ). At P of 1.2 kbar, T resulted between 917 and 989 °C, for water contents of 3.9-4.8 wt%, progressively increasing with the differentiation degree of the samples ( Fig. 7; Table 4 ).
Plagioclase crystallization conditions of Shoshonitic Silica Undersaturated rocks
Plagioclase in SU rocks range from An 50-43 in gabbros to An 38-23 in monzogabbros and monzodiorites, and reach the more albitic compositions in syenites, where anorthite content is low (An 23 -An 2 ). Plagioclase in gabbros were equilibrated by an intermediately evolved melt, trachyandesitic in composition ( Fig. 5; Table 3 ). According to the thermobarometric data obtained by multiple geothermometers (clinopyroxene, amphibole, and biotite), the temperature crystallization interval of plagioclase ranges between 940 and 720 °C. Plagioclase-melt thermometers and hygrometers yielded a T range of 975-990 °C at P of 1.5 kbar, for a water content of 4.1 wt%.
Apart from the nearly pure albitic compositions (likely effects of secondary processes), plagioclase in monzogabbros to syenites vary from An 38 to An 23 . They were equilibrated with an evolved trachytic melt ( Fig. 5; Table 3 ), thought to be the final product of the SU differentiation trend (Casetta et al. 2017 ). At T-P space of 920-936 °C and 1.2 kbar, the estimated water contents of melt in equilibrium with An 38 plagioclases were about 4.4 wt%, progressively increasing with the differentiation of the samples ( Fig. 7 ; Table 4 ).
K-Feldspar-melt hygrometer
Except for pyroxenites, K-feldspar is present in all PIC rocks, where it occurs as intercumulus (gabbros/monzodiorites) and cumulus (monzonites/syenites) phase. Its composition was used to constrain the amount of H 2 O dissolved in the co-existing melt by means of the equation proposed by Mollo et al. (2015) . Such method, based on the Or-Ab exchange between K-feldspar and melt is calibrated for alkaline differentiated magmas, thus proper for the SS, SU, and GU rocks compositions. Together with the data obtained by the previous equations, such estimates enabled to "track" the H 2 O contents in the progressively differentiating melts. According to Mollo et al. (2015) , this method can be applied only to K-feldspar with Or 44 − 86 , whereas no reliable results were produced for Or > 86 as it extended outside the range of calibrated compositions. K-feldspar and whole-rock equilibrium evaluation was attained by minimizing the difference between predicted and measured K-Feld−Liq Kd Or−Ab , following Eq. 2 of the Mollo et al. (2015) model. These conditions were satisfied only by considering K-feldspar compositions in equilibrium with trachyandesitic-to-trachytic melts (Table 3) , further confirming the correspondence between the crystallization sequence and the progressive differentiation model proposed by Casetta et al. (2017) .
According to the equilibration temperatures recorded by clinopyroxene, amphibole, biotite, and plagioclase, a T of 900-800 °C was used as input for all samples of the SS and SU suites, whereas lower temperatures (800-700 °C) were considered for GU syenogranites.
K-feldspar crystallization conditions of Shoshonitic Silica Saturated, Shoshonitic Silica Undersaturated, and Granitic Unit rocks
Water concentration of melts in equilibrium with K-feldpsar in SS gabbros to monzogabbros were in the range of 4.4-5.3 and 5.6-6.5 wt%, respectively, whereas higher H 2 O contents (6.1-7.3 wt%) were recorded in monzodiorites. The highest water values were calculated in SS syenites, that, in turn, show a larger variability of values (H 2 O = 4.6-7.3 wt%; Fig. 7 ; Table 4 ).
K-feldspar analyzed in SU monzogabbros and monzonites indicated H 2 O contents of the crystallizing melts between 5.5 and 6.3 wt% and 6.7-7.8 wt%, respectively. H 2 O estimates for GU syenogranites range between 8 and 11 wt%, being, however, meaningless in the physical system compatible with the body emplacement. The solubility of water at P < 2.5 kbar for rhyolitic-trachytic melts, in fact, do not exceed 7 wt%, as experimentally and theoretically determined in the T range of 500-1000 °C (Di Matteo et al. 2004; Liu et al. 2005) . These values were, therefore, discharged in the discussion.
Oxygen fugacity
The two main magmatic suites (SS and SU) are formed by the differentiation of melts which began crystallizing at pressures lower than 2.0 kbar and at similar T ranges (1050-1000 °C). Main differences between the SS and SU suites could be found by taking into account the total amount of water of the crystallizing melts: SS primitive melts, in fact, were characterized by an higher water contents with respect to that of SU ones (2.0-2.5 vs. 1.0-1.5 wt%, respectively). Classically, it is considered that dissolved molecular H 2 O reacts with oxygens of the silicate network producing two OH − groups (e.g. Stolper 1982; Silver and Stolper 1985; Kohn 2000) . The overall reaction reading as H 2 O + O − 2 = 2OH − may, thus, be considered as the counterpart of the water solubility in evaluating the redox conditions.
To effectively quantify such differences, we estimated the fO 2 conditions of each portion of PIC by means of the T-fO 2 model of Burkhard (1991) , based on the biotite/K-feldspar/ magnetite equilibrium in biotite-bearing intrusive rocks. Burkhard's (1991) empirical equation complements that of Kress and Carmichael (1988) , enabling to calculate oxygen fugacity and temperature by two independent formulas. Water fugacity required in Burkhard's (1991) equation was calculated at a fixed P of 1.5 kbar following Burnham et al. (1969) . Sanidine activity was considered according to Waldbaum and Thompson (1969) , whereas magnetite activity was approximated at (Burkhard 1991) . Since this equation required as input the amount of Fe 2+ in biotite, Fe 2+ /Fe 3+ ratios of SS, SU and GU biotites were calculated following Dymek (1983) . Because the compositional spectrum of biotite and sanidine in each rock is slightly variable, we calculated two T-fO 2 pairs for each lithotype ( Fig. 8; Table 4 ), to account for the possible oxygen fugacity ranges. According to Burkhard (1991) , the error on each calculation was of ± 0.3 log units.
As shown in Fig. 8 , oxygen fugacity in SS rocks resulted in a range from − 14.1 to − 10.7 logfO 2 , at temperatures comprised between 790 and 1000 °C (Table 4) . Such values plot between the FMQ and NNO buffers (+ 0.2 to + 0.7 ΔFMQ, Fig. 8) , and are well comparable to the values chosen as input for the Rhyolite-MELTS model above developed (− 9.34 logfO 2 at 1060 °C), further confirming the validity of the calculated parameters. Rocks from the SU and GU suites were characterized by values of − 11.9 to − 10.2 logfO 2 at T of 920-1050 °C (− 0.1 to + 0.3 ΔFMQ, Fig. 8) , and − 12.9 to − 11.8 logfO 2 at T of 850-920 °C (around + 0.4 ΔFMQ, Fig. 8 ), respectively ( Table 4) . Syenogranites of the GU suite were characterized by a behavior comparable to that of SS rocks, whereas SU rocks record slightly more reduced conditions.
EC-AFC processes
As shown by the thermobarometric and hygrometric models, the two main magmatic suites (SS and SU) emplaced and crystallized at comparable pressures' and temperatures' conditions. The only differences can be identified when water content and oxygen fugacity are considered, being the SU system characterized by lower H 2 O content and by more reduced conditions. Anyway, such slight divergences are not able to justify the marked geochemical variations between SS and SU magmas (see also Casetta et al. 2017) . To account for the geochemical features of the SS and SU batches, we developed several Energy-Constrained Assimilation and Fractional Crystallization (EC-AFC) models Spera and Bohrson 2001) , based on 87 Sr/ 86 Sr and 143 Nd/ 144 Nd. The purpose of this calculation was to discriminate between the original (i.e., mantle-derived) signature of SS/SU magmas and the effects of assimilation (and/or contamination) during the emplacement and differentiation of PIC magmas. Specifically, the main target of the models was: (i) verifying if the isotopic signature of SU rocks was generated an interaction between SS magmas and crust; (ii) quantify the eventual (if any) crustal assimilation during the differentiation of the SS/SU magmatic suites; (iii) discriminate between assimilation and contamination processes.
A wide spectrum of Permo-Triassic crustal rock isotopic signatures from the literature were considered in the EC-AFC model as potential assimilants. These are Triassic carbonates (Martin and Macdougall 1995; Blendiger et al. 2015) , Permian intrusives of Mt. Croce (central-eastern Southern Alps; Rottura et al. 1997) and Serie dei Laghi (southwestern Alps; Sinigoi et al. 2016 , and references therein), Permian rhyolitic ignimbrites of the Atesina Volcanic District (Barth et al. 1993) , and the Kinzigite formation (southwestern Alps; Voshage et al. 1990 ). Geothermobarometric and hygrometric results (Table 4) were used to to calculate assimilants and starting magmas' specific heat [J/(KgK)], heat of crystallization (J/Kg), and heat of fusion (J/Kg) according to Spera (2000) , Bohrson and Spera (2001) and Spera and Bohrson (2001, Table 5 ). Specific heat [J/(KgK)] and liquidus T (°C) of carbonate assimilant (Table 5) were considered accordingly to Dallai et al. (2011) and Eppelbaum et al. (2014) .
The absence of 87 Sr/ 86 Sr and 143 Nd/ 144 Nd variations with increasing silica content for both SS and SU suites and the lack of overlap between SS and SU compositional fields suggested that the two suites have a different origin. A slight 87 Sr/ 86 Sr increase was, however, noted for both SS and SU samples while approaching the intrusion borders (Table 2) . On the other side, the 143 Nd/ 144 Nd of both SS and SU rocks were not sensitive to the distance from intrusion edges, ruling out the occurrence of contamination processes during magma emplacement. Therefore, the Nd isotopic enrichment of the SU suite can be considered as a primary feature, directly function of its mantle source or alternatively derived from assimilation of crustal components. Myers and Eugster (1983) and Huebner and Sato (1970) , respectively. Up on the right, insert with the same oxygen fugacity data expressed in terms of ΔFMQ to facilitate the comparison between the various magmatic suites In this view, the EC-AFC equations were applied to the less contaminated compositions to better constrain the Sr and (especially) Nd isotopic variations among the magmatic suites.
The EC-AFC model from a starting SS composition (Fig. 9) showed that none of the chosen crustal components was able to drive the initial SS 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios towards the SU field. This simulation reinforced the primary nature of the Nd isotopes enrichment of the SU body, ruling out the genesis of the SU rocks via crustal assimilation by an SS starting magma. The model was instead able to explain the isotopic variability of the SS samples. Almost all assimilation models well fitted the isotopic trend of SS rocks, suggesting that small amounts of crustal components were assimilated during magma storage. As shown in Fig. 9 , the less depleted Nd end-members were achieved by an interaction between magma and 2-10% of crust, represented by kinzigites (Voshage et al. 1990 ), Mt. Croce granodiorites (Rottura et al. 1997) , and/or Atesina Volcanic District rhyolitic ignimbrites (Barth et al. 1993) . A 5% assimilation of carbonates (Martin and Macdougall 1995; Blendinger et al. 2015) and/or Serie dei Laghi-like granites (Sinigoi et al. 2016) Nd range of the SU suite was achieved by a 2-7% assimilation of the crustal components (carbonates, Atesina Volcanic District rhyolitic ignimbrites, Mt. Croce granodiorites, Serie dei Laghi granites, and amphibolitic kinzigites).
On the whole, the Nd isotopic ranges of both SS and SU suites could be explained by low amounts of assimilation, whereas Sr isotopic variability is more likely derived from contamination processes at the intrusion borders during magma emplacement, where fluid mobilization and local metamorphic reactions occurred (Ferry et al. 2002; Gallien et al. 2007 ).
As reported in Table 2 , the Sr isotopic signature of PIC rocks appears to be more sensitive to their distance to the intrusion edges rather than to their degree of differentiation, being thus the 143 Nd/ 144 Nd ratio the best proxy to discriminate the two magmatic suites. Given this, the Sr variations of the SU suite at near constant 143 Nd/ 144 Nd could be also affected by (i) slight alteration effects, unavoidable for such a small body and/or (ii) the contact halo between PIC and the wall rocks.
Table 5
Starting Shoshonitic Silica Saturated (SS) and Shoshonitic Silica Undersaturated (SU) magmas, assimilant end-members, and input thermodynamic data used in the EC-AFC model Calculated and absolute values are from Bohrson and Spera (2001) and Spera and Bohrson (2001) upper crustal case. Specific heat and liquidus T of carbonate assimilant were calculated according to Dallai et al. (2011) and Eppelbaum et al. (2014) , respectively References are also reported for all chosen assimilants compositions Starting magma 
Discussion
Emplacement of the Shoshonitic Silica Saturated and Shoshonitic Silica Undersaturated magmas
The SS and SU intrusive bodies formed as result of fractional crystallization of two distinct trachybasaltic melts, which differentiated along two independent trends over a short time span. The result of this process was the generation of a large spectrum of intrusive rocks whose cumulus + intercumulus assemblages progressively vary in composition, reaching the most evolved nature in the syenitic rocks. The textural/compositional homogeneity of the main cumulus phases of PIC rocks, together with the scarce efficiency of syn-to post-crystallization diffusion processes on such large-sized crystals, led us to hypothesize that their composition is directly functioning of the physical conditions at which they formed and segregated from the melt. In this Martin and Macdougall (1995) and Blendinger et al. (2015) ; Permian intrusives (Mt. Croce and Serie dei Laghi) field from Rottura et al. (1997) and Sinigoi et al. (2016, and references therein) ; Athesina Volcanic District (AVD) Permian ignimbrites field from Barth et al. (1993) ; Val Sesia Permian mafic rocks field from Voshage et al. (1990) , Pin and Sills (1986) and Sinigoi et al. (2016) ; Kinzigite formation field from Voshage et al. (1990) . a Sr-Nd isotopic ratios of Predazzo Intrusive Complex rocks plotted against those of the Permo-Triassic crustal components, the enriched 1 (EMI), high-µ (HIMU, where µ = 238 U/ 204 Pb), and depleted (DMM) mantle end-members (Zindler and Hart 1986) ; the insert corresponds to the area reported in diagram (b). b EC-AFC trends Spera and Bohrson 2001) for the Shoshonitic Silica Saturated suite by considering variable crustal assimilants. 1-assimilation of Triassic carbonates; 2-assimilation of AVD ignimbrites; 3-assimilation of Mt. Croce granodiorites; 4-assimilation of Serie dei Laghi granites; 5-assimilation of Kinzigite formation amphibolites scenario, clinopyroxene and plagioclase were considered as "snapshots" of the fractional crystallization processes, able to provide informations on the T-P conditions of the melts from which they generated.
If we compare the clinopyroxene and plagioclase compositions to that of their host rock, in fact, the disequilibrium is evident (Figs. 4 and 5) . Clinopyroxene of SS gabbros (Mg# 55), for example, is characterized by Mg# of 65-71, ideally in equilibrium with melt with Mg# < 43, quite far from the bulk rock composition of the gabbro. The most magnesian ones (Mg# Cpx 76-78), in pyroxenites, are theoretically in equilibrium with a trachybasaltic melt (Mg# 51), further confirming that the mafic rocks of the complex are cumulates formed during the initial stages of fractionation of the trachybasaltic melt. On the other hand, the less magnesian clinopyroxene crystals tracked in syenites were almost in equilibrium with their host rocks, corroborating the assumption that the more differentiated rocks of the complex resemble the composition of melts and approach the eutectic of the system. On the basis of the results obtained by the proposed "equilibration model", in turn, supporting the differentiation model of Casetta et al. (2017) , PIC rocks were formed during progressive stages of fractional crystallization from starting trachybasaltic melts.
Once evaluated the disequilibrium conditions and reconducted the clinopyroxene/plagioclase compositions to their ideal equilibrium conditions, thermobarometric and hygrometric calculations enabled us to retrieve the T-P-H 2 O parameters of the less evolved melts in the feeding system. The "classical" thermobarometric approach for intrusive rocks (amphibole-plagioclase and biotite equations) was then used to verify the previous results. These thermobarometers and hygrometers provided T-P-H 2 O informations for the later crystallization stages.
According to our estimates, some differences between the emplacement conditions of SS and SU magmas can be highlighted. Oxygen fugacities of the PIC plumbing system are between − 0.1 and + 0.7 ΔFMQ (Fig. 8) , confirming the oxidation conditions proposed by Bonadiman et al. (1994) for Mt. Monzoni intrusion at comparable temperature intervals, further highlighting the low-to-moderate oxidizing components that characterized the magmatic systems of the Dolomitic Area during Triassic.
On the basis of clinopyroxene-melt thermometric and hygrometric calculations, SS magmas result slightly waterenriched (H 2 O = 2.0-2.5 wt%) with respect to SU ones (H 2 O = 1.0-1.5 wt%), during the first crystallization stages (T ~ 1000-1100 °C, Fig. 7 ; Table 4 ). With increasing differentiation, the water content of PIC rocks increased up to 5-8 wt%, value compatible with the amount of fractionation (79-94%) proposed by Casetta et al. (2017) , by considering the role of amphibole and biotite during differentiation.
The T-P estimates ( Fig. 7; Table 4 ) indicated that both magma batches cooled from a starting T of ~ 1000-1100 °C (cumulus assemblage) down to ~ 600 °C (intercumulus assemblage), sharing a common thermal regime. The pressure obtained by applying various mineral-mineral and mineral-melt equilibria were subsequently used to estimate the emplacement depth of the PIC plumbing system, and all the pressures were filtered to extrapolate the best-fit from all models, considering the errors of the different methods (Table 4 ). The resulting pressure values were between 0.4 and 1.7 kbar for both SS and SU intrusive bodies, yielding a depth of about 1.4-5.6 km considering a ΔP/Δz of 0.29 kbar/km. With respect to the depth (10-17 km) proposed by Menegazzo Vitturi et al. (1995) , our estimates suggested that PIC represents an intrusion in the shallow crust, with SS and SU magma batches emplaced within the same thermal regime. Despite the common geothermobarometric evolution and slightly different water contents, SS and SU bodies can be distinguished in terms of 87 Sr/ 86 Sr and 143 Nd/ 144 Nd, reinforcing the preliminary PIC model that, on the basis of mineral and bulk rock elemental geochemistry (Casetta et al. 2017) suggested that SS and SU series represent two independent magma pulses.
EC-AFC models Spera and Bohrson 2001) show that assimilation of various types of Permo-Triassic crustal components by a starting SS magma could not account for the higher 143 Nd/ 144 Nd of the SU batch, ruling out any possible derivation of the SU suite from the SS one. Therefore, the Nd isotopic enrichment of the SU suite could be interpreted as an original mantle signature or, alternatively, could be ascribed to assimilation processes occurring within the crust. We prefer the first hypothesis, since the second one would imply the existence of a common mantle-segregated magma with a 143 Nd/ 144 Nd ratio high enough to be able to "split" in the SS and SU trends by varying the nature of the assimilant, and such a magma has never been documented in the Dolomitic Area.
The same EC-AFC models demonstrated that both suites assimilated a small proportion of crustal components (5-6% on average, Fig. 9 ). That amount of assimilation is, however, able to explain the 143 Nd/ 144 Nd variation throughout SS/SU samples, being that the 87 Sr/ 86 Sr was affected by late contamination that occurred at the intrusion edges. The fit between PIC isotopic data and the crustal end-members of the Triassic carbonates, the Permian magmatic rocks, and the metamorphic basement of the Ivrea Zone is consistent with a geochemical influence on the PIC of a basement that could be attributed to the Ivrea Zone. This hypothesis was also suggested by Barth et al. (1993) to explain the Atesina Volcanic District-Cima d'Asta magma genesis.
In summary, both SS and SU batches are characterized by a strong contribution of an enriched mantle component, even if the lack of primitive products cannot directly quantify its role in the original source. Anyway, if examined in the light of their temporal relationships, the major, trace element, and Sr-Nd isotopic signature of the SS and SU bodies enable to define the progressive evolution of the PIC magmatic suites. In turn, this geochemical evolution could be linked to a timerelated (slight) variation of the mantle source, even if an accurate dating of the two single bodies would help in better deciphering the time scale of such process. On the other side, the magmatic evolution in the shallow crust for both the SS and SU batches was confined in the same thermal regime.
Origin of the granitic unit
The GU rocks (granites and syenogranites) differ from the other PIC magmatic suites (SS and SU), mainly in terms of silica saturation, FeO, MgO, K 2 O, and Rb contents (Casetta et al. 2017) . Moreover, the estimated volume of the GU portion of the complex (1.1 km 3 ) is unrealistically larger than that of the SS/SU syenites (≤ 0.25 km 3 ) if we consider the already high (> 90%) fractionation degrees from which these latters generated. This means that, if the GU portion was the result of ~ 95% fractionation of a SS/SU magma, ~ 20 km 3 of SS/SU rocks should be intruded somewhere. This fact is in stark contrast to what is observable on field.
The GU magmas evolved at redox states comparable to SS/SU ones (about + 0.4 ΔFMQ) and record temperatures down to 800-850 °C (Fig. 8) . Put this all together, it is reasonable to hypothesize that the GU granites/syenogranites were generated by magmatic differentiation from a calcalkaline parental melt, the primitive/intermediate products of which are not exposed in the PIC area. It should be emphasized that GU rocks are similar to the Middle Triassic calc-alkaline/high-K calc-alkaline rhyolites found in Carnia (Tarvisio area, Julian Alps; Gianolla 1992) and Alto Vicentino regions (Recoaro-Schio area, Southern Alps; De Vecchi et al. 1974; Barbieri et al. 1982) . In these latters, the entire high-K calc-alkaline trend is documented, further highlighting the existence of a similar differentiation suite during the Triassic magmatic event. In such a context, GU rocks could represent the corresponding intrusives of the rhyolites of these areas, even if further studies are needed to better investigate this comparison.
Solidification time of PIC
According to Bonadiman et al. (1994) , the solidification time of Mt. Monzoni intrusion, emplaced at P-T-z conditions similar to those of PIC, was about 300 ka. The thermobarometric results obtained for PIC magmas and their subsequent application to the Spera (2000) , Bohrson and Spera (2001) , and Spera and Bohrson (2001) equations, enabled to model the cooling time of PIC, expected to be slightly higher than that of Mt. Monzoni, due to its larger volume (4.5 km 3 vs. 1.0-1.5 km 3 ). To make an accurate comparison with Bonadiman et al. (1994) , Spera (1980) equation was applied to PIC by assuming the thermal estimates already used for the EC-AFC calculations and/or derived from Ryolite-MELTS modeling (see Table 5 ). By taking into account the whole volume of PIC, the solidification time resulted about 700 ka. Even if this time value was obtained without discriminating the single volumes of the SS, SU, and GU bodies, it was considered reliable taking into account the similar thermal regimes calculated for the SS, SU, and GU suites and the limited re-heating effects provided by the subsequent magma pulses.
Conclusions
A coupled thermobarometric and isotopic study of the main magmatic suites of the Predazzo Intrusive Complex enabled us to set out some remarkable points on the emplacement conditions of the Middle Triassic magmas in the Dolomitic Area. They can be summarized as follows:
1. Predazzo Intrusive Complex emplacement occurred at a depth of 1.4-5.6 km (0.40-1.65 kbar), consistent with the field relationships suggesting consanguinity with the overlying effusive rocks. Its solidification time was about 700 ka, slightly higher but comparable to that proposed by Bonadiman et al. (1994) Nd of PIC magmas plot in the enriched mantle source field. This feature speaks in favor of the presence of a subduction signature in the mantle beneath Southern Alps during Triassic, as already proposed by Bonadiman et al. (1994) and Zanetti et al. (2013) . Even if the absence of primary products in the Dolomitic Area prevents to exactly quantify the role of the enriched mantle component in the magma genesis, its contribution was undoubtedly high. 4. The EC-AFC models cannot account for the genesis of SU rocks via crustal assimilation starting from an SS magma, thus indicating two distinct geochemical signatures for SS and SU magmas. In turn, this difference could be ascribed to a time-related change in the mantle source, slightly moving towards a more 143 Nd/ 144 Ndenriched component. 5. A low degree of crustal assimilation (5-6%) was able to explain the Nd isotopic variability of both SS and SU magmas, whereas the Sr isotopic variations were more likely the results of contamination processes at PIC edges. Fractional crystallization was the major (and almost only) process acting during the differentiation of SS and SU magmas, confirming what hypothesized by Petersen et al. (1980) and Casetta et al. (2017) . The signature of the Triassic magmas is consistent with an Ivrea-like basement beneath the Dolomitic Area. 6. Despite petrography, whole-rock and mineral chemistry suggested an I-type affinity for GU granites/syenogranites, the wide range and the uncertainty on their isotopic signature leaves the question on the origin of GU suite still unsolved. However, the geochemical and petrographic similarities with the coheval calc-alkaline/ high-K calc-alkaline rhyolites found in Carnia (Gianolla 1992) and Alto Vicentino (De Vecchi et al. 1974; Barbieri et al. 1982; Bellieni et al. 2010) suggest the presence of a high-K calc-alkaline series also in the Dolomitic Area.
